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Plants and bacteria assimilate sulfur into cysteine.
Cysteine biosynthesis involves a bienzyme complex,
the cysteine synthase complex (CSC),which consists
of serine-acetyl-transferase (SAT) and O-acetyl-
serine-(thiol)-lyase (OAS-TL) enzymes. The activity
of OAS-TL is reduced by formation of the CSC.
Although this reduction is an inherent part of the
self-regulation cycle of cysteine biosynthesis, there
has until now been no explanation as to how OAS-
TL loses activity in plants. Complexation of SAT and
OAS-TL involves binding of the C-terminal tail of
SAT in one of the active sites of the homodimeric
OAS-TL.We here explore the flexibility of the unoccu-
pied active site in Arabidopsis thaliana cytosolic and
mitochondrial OAS-TLs. Our results reveal two gates
in the OAS-TL active site that define its accessibility.
The observed dynamics of the gates show allosteric
closure of the unoccupied active site of OAS-TL in
the CSC, which can hinder substrate binding, abol-
ishing its turnover to cysteine.
INTRODUCTION
Plants and bacteria can assimilate and incorporate inorganic
sulfur into essential organic compounds, such as the amino
acid cysteine. Cysteine constitutes a metabolic entrance of
sulfur into cell metabolism, where it is required for the biosyn-
thesis of essential components. Cysteine biosynthesis in plants
and bacteria proceeds via a two-step pathway. It involves the
acetylation of the amino acid serine by SAT and the production
of cysteine from the O-acetyl-serine (OAS) intermediate by
OAS-TL (Becker et al., 1969; Kredich and Tomkins, 1966).
OAS-TL and SAT associate in the CSC, which plays an essential
regulatory role in cysteine biosynthesis (Berkowitz et al., 2002;292 Structure 20, 292–302, February 8, 2012 ª2012 Elsevier Ltd All rCampanini et al., 2005; Kredich et al., 1969; Kumaran and Jez,
2007; Mino et al., 2000a, 2001; Wirtz et al., 2001). Biochemically,
it was found that the reduced form of sulfur (sulfide) takes part in
sulfur homeostasis in plants. Sulfide stabilizes the CSC, whereas
OAS destabilizes it (Droux et al., 1998; Kredich et al., 1969; Wirtz
et al., 2004). OAS also activates transcription of Sultr genes in
response to sulfate starvation in the cell (Hirai et al., 2003).
Experimental studies suggest that fluctuations of OAS and
sulfide levels play an essential role in the regulation of the
cysteine synthesis system (Buchner et al., 2004; Hopkins et al.,
2005; Khan et al., 2010).
It has been observed experimentally for bacteria and plants
that the activity of OAS-TL is reduced upon binding to its cognate
SAT (Droux et al., 1998; Kredich et al., 1969; Mino et al., 2000b).
The importance of the C-terminal tail of SAT for the binding has
been observed previously for Escherichia coli (Mino et al.,
2000a, 1999), Haemophilus influenzae (Campanini et al., 2005;
Huang et al., 2005), and Arabidopsis thaliana cytosolic (Francois
et al., 2006; Kumaran and Jez, 2007) OAS-TL, and is shown here
for A. thaliana mitochondrial OAS-TL (OAS-TLC). Because the
structure of theCSChas not beendetermined experimentally, we
recently modeled the A. thaliana mitochondrial CSC (Feldman-
Salit et al., 2009). This atomic-detail model was validated against
all available relevant experimental data and shows a CSC in
which two OAS-TL homodimers bind a SAT homohexamer in
an orientation such that only one active site of each OAS-TL
dimer is occupied by a SAT C-terminal tail. This arrangement
corresponds to one of two possible binding scenarios previ-
ously proposed (Hindson et al., 2000) for a CSC with this stoichi-
ometry. In the other scenario proposed, both active sites of the
OAS-TL dimer are occupied by SAT tails. However, our calcula-
tions show that the orientation of OAS-TL on SAT for this
scenario is energetically and sterically unfavorable. Therefore,
although experiments for E. coli, H. influenzae, and A. thaliana
OAS-TLs show that peptides corresponding to the C terminus
of SAT can occupy bothOAS-TL active sites, this is not expected
to be possible for the full SAT hexamer. The possibility that the
two OAS-TL active sites are occupied by tails from differentights reserved
Figure 1. The Active Site of X-ray Structure of OAS-TL
The structure corresponds to PDB id: 1z7y (Bonner et al., 2005). The residues
that have been mutated (Francois et al., 2006) and the substrate analog,
Met-PLP, are shown in bond representation.
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Dynamics and Complexation of OAS-TLSAT hexamers can also be excluded because aggregation of the
CSC has not been observed. Furthermore, the partial catalytic
activity of the CSC in vivo obtained in bacteria Salmonella enter-
ica serovar Typhimurium (Kredich et al., 1969) and plant Glycine
max (Kumaran et al., 2009), Spinacia oleracea (Droux et al.,
1998), Nicotiana tabacum (Wirtz and Hell, 2007), and A. thaliana
(shown here) indicates that the second active site of OAS-TL is
not blocked by a SAT tail and that the CSC model is biologically
relevant. Here, we address the question of how the activity of
OAS-TLs in plant CSCs is reduced by more than 50%, when
only one binding site of OAS-TL dimer in the CSC is occupied
by a SAT C-terminal tail.
InA. thaliana cytosol, negative cooperativity between the active
sites of OAS-TL upon complexation with the last 10 residues of
SAT (the C10 peptide) has been shown experimentally with a
6-fold lower binding affinity to the second binding site (Francois
et al., 2006; Kumaran and Jez, 2007). Single point mutations of
residues in the active site (T74, S75, and Q147 (Figure 1) (the
residue numbering used throughout this article is in accordance
with Bonner et al., 2005, as in PDB id: 1z7w) that play a role in
binding theC10peptide exhibited different effects on the commu-
nication between the two active sites of the OAS-TL. The mea-
sured affinity of the C10 peptide for these three OAS-TL mutants
was either significantly reduced compared to that of the native
OAS-TL or undetectable (see Table 1, last column) (Francois et al.,
2006). T74 and S75 are located on the Asn-loop (residues 74–79)
which was found experimentally to exhibit open and closed
conformations in bacterial OAS-TLs (Burkhard et al., 1998, 1999).
The experimental findings suggest that, when one active site
of OAS-TL is occupied by the C-terminal tail of SAT upon CSC
formation, the second active site is partially or almost fully inac-
tivated. Here, we aim to provide a structural explanation for the
reduction of OAS-TL activity by over 50% in the plant CSC,
focusing on A. thaliana. First, we describe measurements of
the mitochondrial A. thaliana OAS-TLC activity in the presence
of the wild-type SAT (SAT3). Then we examine the contribution
of the SAT3 tail to inhibition of OAS-TLC in experiments with
C-terminal peptides of different lengths and with C-terminally
truncated mutants of SAT3. To identify possible reasons for theStructure 20, 29reduced activity of OAS-TL, we investigated the dynamics of
the OAS-TL active sites computationally. We therefore next
describe molecular dynamics (MD) simulations of OAS-TLs
from A. thaliana cytosol and mitochondria with and without SAT
or the C10 peptide bound. These simulations reveal two main
regions in theOAS-TL active site, two gates, which define acces-
sibility to the catalytic center. We then compare the results for
OAS-TLs from A. thaliana cytosol to the experiments of Francois
et al. (2006). We describe the crystal structure of OAS-TLC from
A. thaliana mitochondria and compare it with our previously
modeled structure. Following these validation steps, we present
the analysis of the simulation results, which permits characteriza-
tion of the allosteric gating dynamics of the active site of OAS-TL.
RESULTS AND DISCUSSION
Binding of OAS-TLC to the C-Terminal Tail of SAT3
Leads to Loss of Activity
AreductionofcytosolicA. thalianaOAS-TL’sactivityuponbinding
to the C10 peptide has been observed previously (Francois et al.,
2006; Kumaran and Jez, 2007). Here, wemeasured the activity of
OAS-TLC upon binding to its cognate SAT3. The assay to deter-
mine the inhibition of the activity of free OAS-TLC homodimers
by SAT3 revealed a reduction of more than 80% upon titration
with wild-type SAT3 (IC50 = 71 ± 12 nM) (Figure 2A). The contribu-
tion of the C-terminal tail of SAT3 to inhibition of OAS-TLC was
tested using fusion proteins consisting of thioredoxin with SAT3
C-terminal tails of 20 and 37 residues in length (TrxSAT3C20/
TrxSAT3C37). The last 37 residues (IC50 = 574 ± 71 nM) were
found to inhibit the activity of OAS-TLCmore than the last 20 resi-
dues (IC50 = 1,374 ± 161 nM), but not as strongly as the full-length
SAT3 (Figure 2A). Moreover, C-terminally truncated mutants of
SAT3,with5, 10, or 15 residuesdeleted, completely lost theability
to inhibitOAS-TLCby formationof theCSC (FiguresS1AandS1B;
Supplemental Information). A model of the complex of OAS-TLC
with SAT3 (Feldman-Salit et al., 2009) showing the location of
the C-terminal tail of SAT3 is displayed in Figure 2B. Under-
standing the basis for the experimentally observed reduction of
OAS-TL’s activity in A. thaliana upon binding to SAT, both in the
cytosol and in mitochondria, is the motivation for this study.
The OAS-TL Active Site Has Two Access Gates
To investigate whether the inactivation of OAS-TLs is due to
the hindrance of ligand access to the active sites originating
from conformational changes in the protein, we performed MD
simulations of the cytosolic and mitochondrial OAS-TLs from
A. thaliana. We analyzed the accessibility of the catalytic sites
by using MOLE (Petrek et al., 2007) to identify potential tunnels
between the protein surface and the binding sites of OAS-TLs
and to compute the possible penetration depth of a ligand into
the binding sites of OAS-TLs. We introduce the term blockage
distance (BLD) to provide a measure of the depth of possible
ligand entrance (see Experimental Procedures; Figure 3).
Frommonitoring the BLD for all the simulations performed, we
noted two structural regions that are mainly involved in blocking
ligand access to the catalytic site. One blockage typically
occurred at BLD 12–20 A˚ and another at BLD 8–12 A˚ from
the catalytic site (Figure 4A). Structurally, the first one, which
we name the outer gate, corresponds to the motion of the loop2–302, February 8, 2012 ª2012 Elsevier Ltd All rights reserved 293
Table 1. Binding Site Accessibility of Wild-Type and Mutated A. thaliana Mitochondrial OAS-TLs in Unbound and Bound Forms
Together with Experimental Data on A. thaliana Cytosolic OAS-TL
Computational Resultsa
OAS-TL Ligand Compartment Monomer Pout Pin j Pout Max toout (ps) Max toin (ps) Max tcout (ps) Max tcin (ps)
Kd (Cytosol)
(nM) b
WT — Cytosol X 0.98 0.17 5,010 70 20 1,340 5.6 ± 2.0
Y 0.97 0.40 4,060 320 30 310 37 ± 12
C10 peptide X 0.56 0.05 500 50 250 5,430
WT — Mitochondria X 0.67 0.35 930 180 380 1,800 5.6 ± 2.0
Y 0.02 0.04 50 10 6,170 9,850 37 ± 12
C10 peptide X 0.14 0 110 0 2,050 10,000
SAT3_1 X 0.03 0 20 0 2,670 10,000
SAT3_2 X 0.06 0 60 0 2,440 10,000
S75A — Mitochondria X 0.29 0.02 240 30 770 7,060 40 ± 3
Y 0.08 0 60 0 2,450 10,000
C10 peptide X 0.15 0 170 0 1,000 10,000
Q147A — Mitochondria X 0.53 0.34 560 160 890 2,910 56 ± 13
Y 0.41 0.17 510 60 1,310 3,960
C10 peptide X 0.49 0.08 250 80 270 2,390
T74S — Mitochondria X 0.40 0.15 310 50 410 5,730 100 ± 11
Y 0.30 0.29 310 80 500 2,940
C10 peptide X 0.02 0 20 0 3,510 10,000
S75T — Mitochondria X 0.54 0.01 210 20 870 4,320 1,471 ± 50
Y 0.31 0 180 0 2,070 10,000
C10 peptide X 0.20 0 60 0 810 10,000
a Pout is the fraction of the total simulation time in which the outer gate is open. Pin j Pout is the fraction of time when the outer gate is open that the inner
gate is also open. max to
out and max to
in (max tc
out and max tc
in) indicate the maximal opening (closing) time during the MD simulations for the outer
and inner gates, respectively (in ps). The results for the inner gates are highlighted in bold. The convergence of global properties during the MD
simulations is displayed in Figure S3, Supplemental Information.
b The measured values are from Francois et al. (2006).
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Dynamics and Complexation of OAS-TLon the upper domain together with the SAT-binding loop (Fig-
ure 4D). The second, which we name the inner gate, is related
to the motion of the Asn-loop close to the catalytic site (Fig-
ure 4C). The range in BLD for the two gates is determined by
the motion of side chains in addition to backbone movements:
M101 or S100 on the loop of the upper domain for the outer
gate and S75 on the Asn-loop for the inner gate. Structures
with BLD values up to8 A˚ were considered to be open because
only motions of side chains without significant backbone
motions would be involved in ligand passage (Figure 4B). Inter-
estingly, the reference structure 1Z7W (with an open binding
site) had BLD 4.5 A˚ before minimization because of the rota-
meric state of S75 (c = +60) on the Asn-loop.
The gating properties were analyzed by defining the outer gate
as closed for BLD > 12 A˚, the inner gate as closed for 8 < BLD%
12 A˚, and the gates as open for 0% BLD% 8 A˚. The results are
summarized in Table 1.
Binding of A. thaliana Cytosolic OAS-TL to the C10
Peptide Reduces Ligand Accessibility of the Second,
Unoccupied Active Site
The procedure for analyzing gating properties was first as-
sessed for reference structures of A. thaliana cytosolic OAS-TL
(AT4G14880) with and without the C10 peptide bound: 1Z7W
and h2ISQ, respectively. The unbound 1Z7W was derived from294 Structure 20, 292–302, February 8, 2012 ª2012 Elsevier Ltd All rPDB structure, 1z7w (Bonner et al., 2005), whereas the bound
h2ISQ was derived as a hybrid (denoted by ‘‘h’’ in h2ISQ) from
the PDB structures 1z7w and 2isq (Francois et al., 2006)
with unoccupied and occupied active sites, respectively (see
Experimental Procedures). Because, experimentally, a reduced
affinity of the second C10 peptide was observed, we compared
the accessibilities of the unoccupied binding sites in free and
bound OAS-TLs (Figure 5).
A degree of closure is observed during the simulations of
both structures, although to different extents. The closure of
the unoccupied binding site at the outer gate occurs more often
in h2ISQ than in the free 1Z7W (Figure 5). This suggests that
binding of the C10 peptide confers a degree of stabilization on
the closed conformations of the unoccupied binding site (see
the subsection on allostery later in this article). It is interesting
that the binding site that accommodates the C10 peptide
(monomer Y) is not always open. Rather, it has a closed inner
gate for 30% of the simulation time (see Figure 5B). Clearly,
the C10 peptide is present in the binding site throughout the
whole simulation (backbone RMSD = 1.1 ± 0.3 A˚). This apparent
contradiction is explained by the observation that, at Y389, the
C10 peptide is clamped between OAS-TL’s residues, mainly
by the side chain of S75 on the Asn-loop. Apparently, binding
involves some induced fit, in accordance with recent experi-
ments in which the formation of the CSC inH. influenzae involvedights reserved
Figure 2. The Role of the C-Terminal Tail of
SAT3 in Inhibition of OAS-TLC in the CSC
from A. thaliana Mitochondria
(A) Inhibition of OAS-TLC’s enzymatic activity
upon binding to SAT3, TrxSAT3C20, and
TrxSAT3C37. Varying amounts of recombinant
SAT3, TrxSAT3C20, and TrxSAT3C37 were pre-
incubated with crude extracts of Arabidopsis
leaves to allow CSC formation. The remaining
OAS-TLC activity was determined. Bovine serum
albumin (BSA), which is unable to interact with
OAS-TLC, serves as a negative control. Error bars
represent the standard deviation (n = 3).
(B) Part of the modeled CSC of OAS-TLC with
SAT3 (Feldman-Salit et al., 2009). The two
monomers of the OAS-TLC homodimer, X and Y,
are shown in green and blue, respectively. The
C-terminal tail (30 residues) and the beginning of
the b-domain of SAT3 are shown in orange bound
to the Y monomer. See also Figure S1.
Structure
Dynamics and Complexation of OAS-TLa step of slow conformational change, which was associated
with the closure of the active site of OAS-TL upon binding of
the SAT C-terminal tail (Salsi et al., 2010).
The probability for a ligand to go through both gates is signifi-
cantly reduced in the unoccupied binding site of the bound
OAS-TL (Figure 5B, h2ISQ). The reduced accessibility is indi-
cated by the reduced fraction of time the gates are open (P):
this drops from 1 to 0.5 for the outer gate and from 0.2–
0.4 to only0.05 for the inner gate (Table 1). However, the ques-
tion of whether there is enough time for a ligand to go through the
gate when it is open remains. Therefore, we compared the dura-
tion of the opening of the gates to the characteristic diffusion time
(tdiff) of the ligand. For free 1Z7W, the open time periods (max to)Structure 20, 292–302, February 8, 2012of the outer gates (4,060 and 5,010 ps)
and the inner gates (70 and 320 ps) are
longer than tdiff
out (83—213 ps) and tdiff
in
(13—53 ps), respectively (see Experi-
mental Procedures for definitions). In
contrast, the open time periods of bound
h2ISQ are shorter. For the outer gate,
the open time decreased to 500 ps,
which still allows penetration of a ligand.
However, the inner gate is open only 5%
of the time and only for up to 50 ps. The
entrance of the ligand is possible but of
low probability. These computed results
are consistent with experimental data for
A. thaliana cytosolic OAS-TL, which
showed that theaffinity of theC10peptide
to the second binding site is 6-fold lower
than for the first binding site (Table 1).
The Crystal Structure of OAS-TLC
Is Very Similar to That of A. thaliana
Cytosolic OAS-TL
The structure of mature OAS-TLC (gene
AT5G59760.2) was determined by ex-
pression in E. coli, affinity purification,and crystallization (see Supplemental Information). The structure
was solved at 2.4 A˚ resolution; for details, see Table 2. The
structure is remarkably similar to that of cytosolic OAS-TL, with
both molecules of the asymmetric unit containing the cofactor
pyridoxal phosphate (PLP) linked to Lys 54 (see Figure S2).
Superposition of the solved structure of OAS-TLC with those
of cytosolic OAS-TL (1z7w and 1z7y) demonstrated all-atom
RMSDs of 0.49 A˚ and 0.57 A˚, respectively. Residues that have
been reported to participate in binding of the SAT C-terminal
peptide in cytosolic OAS-TL are conserved among OAS-TL-
like proteins, forming a pronounced groove in the proximity of
the active site. This suggests that binding of the SAT C terminus
is similar in the cytosolic and mitochondrial forms of OAS-TL.ª2012 Elsevier Ltd All rights reserved 295
Figure 3. Schematic Representation of the Binding Site of OAS-TL
Showing Positions Defining Penetrability by a Ligand
The letterA is at the catalytic center and denotes the starting point of the tunnel
search from the active site to the protein exterior.Cmarks the end of the tunnel
(the entrance to the binding site), and the length of the binding site is denoted
by the distance AC. The ligand is represented by a 3.5 A˚ radius sphere. The
distance BC indicates the depth of the ligand’s penetration, whereas the
distance AB is the ‘‘blockage distance’’ (BLD) which was computed for every
10th snapshot in the trajectory. The dashed line indicates how the ligand is
blocked from accessing the catalytic center by some protein conformations.
The distances are between the centers of the spheres.
Structure
Dynamics and Complexation of OAS-TLThe Modeled Structure of OAS-TLC Is in Good
Agreement with the Crystal Structure of OAS-TLC
We validated the previously modeled OAS-TLC (clone
CAA57498.1) structure (Feldman-Salit et al., 2009) by compar-
ison to the structure of mitochondrial OAS-TLC determined in
thiswork. Thesequencealignment indicates97%identity.Super-
position of the dimers of the modeled OAS-TLC (Feldman-Salit
et al., 2009) on the crystal structure showed an average all-
atom RMSD of 0.62 A˚. Assessment of the opening of the binding
sites by computation of BLDs revealed that the binding sites in
both modeled and solved OAS-TLC structures are open. The296 Structure 20, 292–302, February 8, 2012 ª2012 Elsevier Ltd All rBLD of the modeled OAS-TLC before minimization is about
4.5 A˚, whereas for the experimental OAS-TLC structure, the
BLD is 3.9 A˚ and 5.8 A˚ for chains A andB, respectively. The differ-
ence between the monomers in the solved OAS-TLC structure
mainly results from the slightly different orientation of S75 and
of the Asn-loop with respect to the SAT-binding loop. The high
similarity between the modeled and solved structures of OAS-
TLC and the fact that both enzymes are native variants (Hesse
et al., 1999) allowed us to further explore the dynamics of the
modeled structure of OAS-TLC.
Binding of OAS-TLC to the C10 Peptide or to SAT3
Reduces Ligand Accessibility of the Second,
Unoccupied Active Site
As for the reference structures, we analyzed the flexibility of the
binding sites of the modeled structures of OAS-TLC. OAS-TLC
was considered in four forms: (1) unbound with both binding
sites unoccupied; (2) in complex with the C10 peptide in one
binding site; and (3) and (4) in complex with each of the two
SAT3 trimers in the CSC (SAT3_1 and SAT3_2).
The resultant BLDs, the open gating time (P), and the maximal
duration of gate opening (max to) demonstrate an opening and
thus activity of one binding site for the free OAS-TLC (Figure 6A
and Table 1). After binding the C10 peptide, the fraction of time
the unoccupied binding site outer gate is open is reduced from
0.7 to 0.1, and the inner gate is closed all the time (Figure 6B
and Table 1). The entrance of the ligand up to the inner gate is still
possible (max to = 110 ps), although further entrance seems
impossible without induced fit. Experiments inA. thaliana cytosol
have however demonstrated that the wild-type OAS-TL could
bind two C10 peptides, though with a reduced affinity for the
second one (Francois et al., 2006). In A. thaliana mitochondria,
a purified complex of thioredoxin with the last 37 residues of
SAT3 bound to OAS-TLC (TrxSAT3C37/OAS-TLC) also revealedFigure 4. The Structural Conformers that
Hinder Passage of a Ligand to the Active
Site of OAS-TL
(A) Histogram of BLD values computed for
snapshots of reference structure 1Z7W (unbound
cytosolic OAS-TL) from one 10-ns MD simulation.
A and C mark the start and end points of the
tunnel; the length of the binding site is 28 A˚. The
ranges of BLD values corresponding to open and
gated conformers are marked.
(B–D) Intermediate structures showing the ‘‘open’’
binding site with BLD = 4.2 A˚ (B), closure by the
‘‘inner gate’’ at BLD = 8.1 A˚ (C), and closure by the
‘‘outer gate’’ at BLD = 12.3 A˚ (D). All snapshots
(blue) were superimposed on the monomer from
1Z7W (gray) before minimization. The ligand is
depicted as a sphere (green) at the blocked posi-
tion. The position of the active site is indicated by
the PLP cofactor (yellow). The hindering residues
(S75/M101, the Asn-loop) are shown in bond
representation.
ights reserved
Figure 5. BLD Values and Distributed Probabilities of Binding Site Accessibility in the Reference Structures of A. thaliana Cytosolic OAS-TL,
1Z7W, and h2ISQ
(A) BLDs are shown for monomers X (black) and Y (gray [red online]).
(B) Distributed probabilities to pass through both gates. For 1Z7W, results for each unoccupied binding site are presented. For h2ISQ, the probabilities for both
unoccupied and occupied binding sites are shown. For analysis, the C10 peptide in monomer Y of h2ISQ was neglected.
Structure
Dynamics and Complexation of OAS-TLthe interaction of both OAS-TLC monomers with TrxSAT3C37
(see Figure S1C). These observations suggest that a ligand in
front of the inner gate can initiate the gate’s opening through
induced fit. Modeling of induced fit was however neglected in
this study for simplicity.
Analysis of the dynamics of OAS-TLCs in complex with SAT3
trimers shows longer closure and shorter open gating time
periods of the outer gates (Figure 6C and Table 1). There is no
opening of the inner gate. In comparison toOAS-TLC complexed
to the C10 peptide, binding of entire SAT3 trimers stabilizes the
closed conformation of the unoccupied binding site at both
gates to a greater extent. This might explain the experimentally
observed reduction of almost 100% in OAS-TLC’s activity in
the CSC.
OAS-TLC Mutants Affect Active Site Dynamics
and Accessibility
To analyze the dynamics of OAS-TLC analogously to the muta-
genesis study of cytosolic OAS-TL by (Francois et al., 2006),
the following single point mutations were studied: (1) S75A,
S75T, and T74S (S83 and T82 in the sequence of modeled
OAS-TLC), which are located on the Asn-loop within the OAS-
TL binding site; and (2) Q147A (Q154 in the sequence of modeled
OAS-TLC), which closely interacts with the Asn-loop. In
A. thaliana cytosolic OAS-TL, these residues were found to
contact the last residues of the C-terminal tail of SAT. FromStructure 20, 29our previous observations, S75 also contributes to the closure
of the binding site, thereby inhibiting the wild-type OAS-TL
activity in cytosolic and mitochondrial forms. We studied the
dynamics of the binding sites of the mutated OAS-TLCs free
and in the complex with one C10 peptide. The results exhibit
a response of the models to the structural perturbations from
the mutations.
Both the S75A and S75T mutations lead to a closure of the
inner gate in the unoccupied monomers of the unbound models,
allowing penetration of a ligand through the outer gate only
(Table 1). However, if the entrance of the ligand up to the inner
gate might be sufficient to initiate an opening of the inner
gate, then the unbound models here support an enzymatic
activity, though reduced with respect to the wild-type enzyme.
In the presence of the C10 peptide, the entrance through the
outer gate is less probable and the opportunity for the ligand
to reside within the binding site is reduced. Comparing the
two bound models, the activity of the S75T OAS-TLC mutant
must be less than that of the S75A OAS-TLC mutant, mainly
because of a much shorter maximum time of opening (60 versus
170 ps).
Differing from the S75A and S75T OAS-TLC mutants, the
unbound T74S OAS-TLC mutant shows higher probabilities for
the ligand to go through the outer gate and also the inner gate
(Table 1). The longest open periods of 310 ps are above the char-
acteristic diffusion time for the outer gate (83–213 ps). For the2–302, February 8, 2012 ª2012 Elsevier Ltd All rights reserved 297
Table 2. Summary of the Crystallographic Analysis
Data Collection Crystal 1 Name
Space group P 41 21 2
Cell dimensions
a, b, c (A˚) 65.39, 65.39, 239.05
a, b, g () 90, 90, 90
Resolution (A˚) 50–2.40 (2.50–2.40)a
Rsym (%) 8.7 (54.0)
I / sI 26.1 (6.3)
Completeness (%) 99.7 (99.6)
Redundancy 15.5 (15.5)
Refinement
Resolution (A˚) 19.9–2.40
No. of reflections 25,985
Rwork/Rfree 18.3/23.3
No. of atoms 4,957
Protein 4,792
PLP 30
Water 121
B-factors 48.3
Protein 48.6
PLP 33.2
Water 41.4
Rmsds
Bond lengths (A˚) 0.017
Bond angles () 1.74
a Values in parentheses are for highest-resolution shell. See also Fig-
ure S2.
Figure 6. BLD Values for the Modeled OAS-TLC
(A) Values for monomers X (black) and Y (gray [red online]) in unbound OAS-
TLC are shown.
(B) The unoccupied binding site of OAS-TLC bound to the C10 peptide.
(C) The unoccupied binding site of OAS-TLC bound to one of the SAT3 trimers
in the CSC.
Structure
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range or above the characteristic diffusion time (13–53 ps). The
bound T74S OAS-TLC mutant exhibits closure of the unoccu-
pied binding site at the outer gate (98% of the simulation
time). The inner gate is closed for 100% of the time. This model
is consistent with the experimental observations. It demon-
strates a possible activity of the unbound T74SOAS-TLCmutant
by letting the ligand penetrate into the binding sites, though
reduced in comparison to the wild-type, and no activity due to
full hindrance when bound to one C10 peptide.
Unlike the previously discussed mutations, Q147 is not in the
Asn-loop, but it is found to interact with T74 and T78 (Asn-
loop). The resultant BLD values reveal higher diversity, demon-
strating greater flexibility of the binding site upon mutation to
Ala (data not shown). We speculate that the higher flexibility is
due to removal of the attraction between Q147 and T74/T78,
when the polar Gln is mutated to the shorter, nonpolar Ala.
High probabilities for the ligand to pass the outer gate result
from the high fraction of open gating periods (0.5). Themaximal
open periods, max to, of the outer gates in both monomers are
above the characteristic diffusion time toutdiff of the outer gate
(83–213 ps). The inner gate seems to be open often enough
(20–30% of the open outer gate time) with the max to longer
than tindiff (13–53 ps) and sufficient to allow entrance of the ligand
into the active site.298 Structure 20, 292–302, February 8, 2012 ª2012 Elsevier Ltd All rights reserved
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Conformational Ensembles
Allostery has long been known to play an important role in signal
transduction processes and enzyme function (Changeux and
Edelstein, 2005; Monod et al., 1963), but a comprehensive
understanding of allosteric mechanisms is still lacking. The two
main classical models of allostery postulate either an absolute
conformational coupling between different parts of a protein
(Monod et al., 1965) or a defined coupling between ligand
binding and conformational changes (Koshland et al., 1966).
Recently, however, an ensemble view of allostery has been pro-
posed (Hilser, 2010). This view suggests that, if a protein exhibits
several conformational states prior to activation, binding of an
effector might activate a previously less stable conformational
state, making it more stable. Moreover, instead of a single prop-
agation pathway, the ensemble view postulates that the shift
between inactive and active states involves multiple preexisting
propagation pathways (del Sol et al., 2009).
In our work, the OAS-TL dimer behaves as an allosterically
regulated protein that exhibits a range of conformational states
before ligand binding. During the 10 ns MD simulations, free
OAS-TLs (the ‘‘preactivation ensemble’’) revealed both open
and closed conformations of the unoccupied binding sites.
After binding of the C10 peptide or the SAT C-terminal tail to
the open binding site, the closed conformational state of the
unoccupied binding site became more probable. The resultant
closed state seems to be themain reason for the reduced activity
of OAS-TL upon complexation.
GatingDynamics Show that the InnerGate Is thePrimary
Barrier to Binding in the Active Site of OAS-TL
The binding of ligands to proteins often occurs at rates that
approach the diffusion-controlled limit (Cantor and Schimmel,
1980). Assuming two noninteracting spherical molecules of
isotropic reactivity, their association can be simply described
by the diffusion-controlled rate constant. However, various
properties of real molecules, such as their non-spherical geom-
etry and conformational flexibility (Gabdoulline andWade, 2001),
lead to deviations from the limiting rate.
The theory of gating dynamics helps to understand what
a diffusing ligand experiences when approaching a gated bind-
ing site (McCammon and Northrup, 1981; Northrup et al.,
1982). It defines conditions underwhich the binding site is acces-
sible or not to the diffusing ligand.When gating is considered, the
rate constant for bimolecular association has the following form:
k =P$KðtOÞ; (6)
where P is the fraction of time that the gate is open and K(to) is
the average rate constant for ligand binding during the open
period to. K(to) depends on the diffusional relaxation time, td.
In the limit when to < < td and the closed period, tc < < td, the
binding site is rapidly gated and the association is diffusion
controlled. The ligand experiences the gate as always being
open. In the case when to < < td and tc > > td, it appears to
the ligand that the gate is closed.
For the active sites of OAS-TLs, the results in Table 1 reveal
that the maximal tc and to of the outer gates are always smaller
than the diffusional relaxation time (tdz6.5 ns), thereby allowing
the ligand to enter. The inner gates, however, exhibit a tendencyStructure 20, 29to close, which is stronger for the bound OAS-TLCs. At the same
time, the ability of the ligand to go through the open gate
depends on both the duration of the gate opening and the
ligand’s diffusional properties, as discussed previously. The
difference in active site response when complexed to SAT3
versus the peptide might be due to additional contacts between
OAS-TLC and SAT3 that stabilize the closed conformation.
The effect of the mutations in cytosolic OAS-TL was ranked
experimentally by the measured affinity (Kd) of the C10 peptide,
which was reduced or, in some cases, undetectable. Compar-
ison with the computational results shows that opening of the
inner gate with lower probabilities (P) and shorter opening
periods (t) can be related to greater inhibition of the enzyme
(see Table 1). Among the mutated unbound OAS-TLCs, only
the S75A mutant is not consistent with experiments, because
the computations suggest that it behaves similarly to the S75T
mutant, although its Kd value is lower. Among the bound OAS-
TLC mutants, the Q147A mutant demonstrates rare opening of
the inner gate, whereas experimentally, binding of the second
C10 peptide was undetectable.
Longer MD simulations might permit more accurate statistical
analyses of the dynamics of OAS-TLs. Because of the flexibility
of the unbound OAS-TLs, better sampling of the open and closed
states of the unoccupied binding sites might be achieved with
longer simulations coupled with the application of enhanced
sampling techniques. In comparison to the enzymekinetics exper-
iments for wild-type A. thaliana cytosolic OAS-TL, it is clear that
a 10-ns simulation captures only part of the enzymatic process.
The turnover of OAS to the final product, for instance, requires
about 1.9 ms (kcat z512 s
1) (Wirtz et al., 2004). On the other
hand, considering the internal local motion of the binding site,
motions ranging from side-chain rotation up to loop deformation
occur on time scales ranging from 0.01 ps to 100 ms (Brooks
et al., 1988). Further insights into gating of the OAS-TL active site
might alsobegained fromsimulations in thepresenceofsubstrate.
In conclusion, despite these limitations, we demonstrate in this
work that the dependence of OAS-TL’s active site gating dyn-
amics upon CSC formation, as revealed by MD simulations
coupled with the structural basis from experiments, provides
an explanation for the loss of activity of OAS-TL in the CSC
in plants. Moreover, the allosteric mechanism uncovered here
may turn out to have broad implications for the regulation of
other enzymes in multiprotein complexes.
EXPERIMENTAL PROCEDURES
Cloning
Polymerase chain reaction and cloning of DNA fragments were performed
for SAT3 with truncated C-terminal tails of different lengths and SAT3
C-terminal tails fused with thioredoxin according to (Sambrook et al., 1989)
(see Supplemental Information, Cloning).
Expression and Purification of Proteins
Mature histidine-tagged SAT3 (AT3G13110) and nontagged OAS-TLC (gene
AT5G59760.2) were expressed in HMS 174 (DE3) bacteria and purified via
immobilized metal affinity chromatography, as described elsewhere (Ruffet
et al., 1994; Wirtz and Hell, 2006), using the same pET-vector constructs.
Enzyme Assays for OAS-TLC
OAS-TLC (gene AT5G59760.2) activity was determined as described
elsewhere (Ruffet et al., 1994). Inhibition of OAS-TLC activity by SAT3,2–302, February 8, 2012 ª2012 Elsevier Ltd All rights reserved 299
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analyzed as described elsewhere (Wirtz and Hell, 2007), except that 25 nM
native OAS-TLC protein was used.
Analytical Ultracentrifugation
Analytical ultracentrifugation was performed as described elsewhere (Wirtz
et al., 2010). Also see Supplemental Information, Analytical Ultracentrifugation.
Crystallization and Structure Determination of OAS-TLC
The nontagged OAS-TLC (AT5G59760.2) was purified from bacterial culture
and crystallized at 18C using the hanging drop method. The structure was
solved to 2.4 A˚ resolution by molecular replacement using cytosolic OAS-TL
(1z7w) as a search model (Bonner et al., 2005) (see Supplemental Information,
Structure determination of OAS-TLC).
Protein Structure Preparation for Simulations
Two structures of A. thaliana cytosolic OAS-TL (AT4G14880) were chosen as
reference test cases: unbound 1Z7W and bound h2ISQ. Capital letters are
used here to distinguish between the tested structures and the crystal struc-
tures in the PDB (Berman et al., 2000). 1Z7W was derived from the crystal
structure of the unbound OAS-TL monomer (1z7w) (Bonner et al., 2005), by
generating a dimer with the PQS server using crystallographic symmetry (Hen-
rick and Thornton, 1998). The resolved monomer is here referred to as mono-
mer X, whereas the generated one is referred to as monomer Y. h2ISQ was
created by combining two crystal structures: (1) 1z7w for the unoccupied
monomer X and (2) 2isq (Francois et al., 2006) for monomer Y bound to the
C10 peptide.
The modeled wild-type OAS-TLC (CAA57498.1) and its mutants were
studied in unbound and bound forms. The structure of the unbound native
OAS-TLC used here was previously generated by comparative modeling
(without refinement) (Feldman-Salit et al., 2009). The bound native OAS-TLC
was generated from themodeled CSC (see below). Mutations were introduced
by substituting the relevant residues using a Pymol plugin (http://www.pymol.
org). Two bound forms of wild-type OAS-TLC were considered: (1) complexed
with one C10 peptide and (2) complexed with a SAT3 trimer. For the mutants
(T74S, S75A, S75T, and Q147A), only bound complexes with the C10 peptide
were studied.
On the basis of the results of rigid body docking of OAS-TLC to SAT3, OAS-
TLC was oriented such that monomer Y was closer to SAT3 (Figure 2B) (Feld-
man-Salit et al., 2009). The structure of wild-type OAS-TLC with monomer Y
bound to the C10 peptide was derived from the modeled structure of the
CSC by simply extracting OAS-TLC with the last 10 residues of the corre-
sponding SAT3 C-terminal tail. Mutations were performed for OAS-TLC in
complex with the C10 peptide.
MD Simulations
MD simulations of 10 ns were run for each of the systems listed in Table 1 using
the AMBER8 software (Case et al., 2005) and the Parm99 force field (Wang
et al., 2000). The protein structures were immersed in a box of water molecules
(TIP3P model; Jorgensen et al., 1983). The systems were minimized for 200
steps and thermalized over 40 ps by gradually increasing the temperature of
the solute and the solvent to 300 K. All protein atoms were restrained with
a force constant of 5 kcal/mol/A˚2 for the first 10 ps. Production runs were per-
formed without restraints for 10 ns with periodic boundary conditions at con-
stant pressure (1 atm ntb = 2, with a pressure relaxation time of 2 ps [ntb = 2])
and temperature (ntt = 1, with theweak-coupling algorithm and a time constant
of 5 ps). Bonds to hydrogen atoms were constrained with SHAKE (ntc = 2).
Convergence of the systems was monitored (see Figure S3; Supplemental
Information). For postanalysis, snapshots of the monomers were extracted
to separate PDB format files every 10 ps.
Computation of the Minimum Ligand Radius
To compute the possible depth of ligand penetration into the binding sites,
a spherical probe of radius 3.5 A˚ was used to represent the minimum size of
the OAS substrate or the last residue of the C-terminal tail (Ile). To determine
the size of the probe, we generated different rotamers of Met (Ile) with the
‘‘Structure Editing’’ tool in Chimera (Pettersen et al., 2004) (http://www.cgl.
ucsf.edu/chimera). Met was chosen as an analog to OAS, as suggested exper-300 Structure 20, 292–302, February 8, 2012 ª2012 Elsevier Ltd All rimentally (1z7y) (Bonner et al., 2005).We then placed a cylinder of theminimum
enclosing radius with its axis along the long axis of the extended rotamers of
Met (Ile) with the ‘‘Define Axis’’ tool. The radius of the cylinder was defined
to be a minimum if the cylinder was large enough to just cover the molecular
surface of the residue radially. The same procedure was applied to OAS, using
the structure of OAS from the PubChem database (Bolton et al., 2008) (http://
pubchem.ncbi.nlm.nih.gov/); 3.5 A˚ was found to be the minimum radius for all
three molecules.
Identification of Tunnels
The MOLE program identifies channels, tunnels, and pores in molecular struc-
tures (Petrek et al., 2007) (http://mole.chemi.muni.cz/web/). The standalone
version was used for the set of PDB files extracted from the MD trajectories.
The starting points at the catalytic centers were automatically recalculated
for each snapshot to initiate the tunnel search algorithm.
Determination of BLD
To characterize the possible depth of penetration of a ligand (OAS, Met, or Ile)
into the binding site of OAS-TL, we computed the ‘‘blockage distance’’ (BLD)
(Figure 3). The BLD indicates the distance from the point where the ligand is
blocked and cannot penetrate further (Bi) to the ‘‘starting point’’ (A). The ‘‘start-
ing point’’ refers here to the catalytic center (i.e., the position of the ligandwhen
it is fully bound in the active site). The starting point is used by the MOLE
program to identify tunnels leading from the starting point to the protein
exterior.
For each system studied, the BLD was computed for the set of 1,000 snap-
shot structures (for monomers) extracted from the MD trajectory. Each snap-
shot was superimposed on themonomer of the reference structure 1Z7W. The
starting point (for the tunnel search) for the reference structure was defined as
the geometric center of Met at the catalytic center. The position of Met was
determined after superposition of 1z7w on 1z7y. To compute the starting
points for the snapshots along the trajectory, first the atoms within a radius
of 5 A˚ of the geometric center of Met were identified in 1Z7W (‘‘reference
list’’). Then, for each snapshot, the mean displacement of these atoms with
respect to the ‘‘reference list’’ was computed, and the starting point (A) was
modified accordingly. Tests with a correction factor applied to the displace-
ment with weighting according to the distance of the atoms from the starting
point were also performed. The algorithm was written in Matlab (MathWorks
Inc., Matlab R2007b, http://www.mathworks.com).
Definition of Gates
We describe the blockage by the presence of two gates along the tunnel to the
catalytic center. A step function, f(t), of time, t, was defined such that when the
ligand is blocked by the outer gate (BLD > 12 A˚), f(t) = 2 and when it is blocked
by the inner gate (8 < BLD% 12 A˚), f(t) = 1; otherwise f(t) = 0 and both gates are
open. We used the f(t) function to analyze the opening of the gates and
compute the following properties.
Pout is the fraction of the overall simulation time ðttotalÞ that the outer gate is
open ðtouto Þ. Pin is the fraction of the time when the outer gate is open ðtouto Þ that
the inner gate is open ðtino Þ. The distributed probability Pi for the gates to be
open was computed for 10 consecutive intervals i of 1,000 ps. The passage
through the inner gate was considered conditional and dependent on opening
of the outer gate. This is a simplification because entrance into the binding site
could be stepwise in reality. The probabilities for the outer and inner gates are
given by:
Pouti =
PN
out
i
k = 1
touto ðkÞ
ttotali
(1)
and
Pini =
PN
in
i
l =1
tino ðlÞ
PN
out
i
k = 1
touto ðkÞ
; (2)
respectively. The summation is performed over Nouti and N
in
i openings within
the interval for the outer and inner gates, respectively. For the gates together,ights reserved
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out
i $P
in
i =
PN
in
i
l = 1
tino ðlÞ
ttotali
: (3)
Characteristic Diffusion Time
According to Einstein (1905) and Smoluchowski (1906), the characteristic
diffusion time is given by:
tdiff =
L2
6D
; (4)
where L is the displacement and D is the translational diffusion coefficient of
a molecule. For OAS,Dwas estimated using the HYDROPRO program (Garcı´a
De La Torre et al., 2000) which approximates the shape of themolecule, first by
representing its atoms by overlapping beads of 3.15 A˚ radius and then
smoothing them. The computed value of D was 0.05 A˚2/ps at a solvent
viscosity h = 1 cP and 293K.
To calculate the time to diffuse through a gate, we considered L to be the
average depth of the gate. L was taken to be 6.5 ± 1.5 A˚ for the outer gate
and 3.0 ± 1.0 A˚ for the inner gate (see Results and Discussion). Therefore,
the diffusion time ranged from toutdiff83 to 213 ps for the outer gate and tindiff
13 to 53 ps for the inner gate.
Gating Dynamics
The maximal values of open (to) and closed (tc) gating time were compared to
the diffusional relaxation time, td, of the ligands around the protein. For two
spheres:
tdh
R2
DR
; (5)
where R is the center-to-center distance for the two spheres in contact and DR
is the relative diffusion constant. Here, this expression was applied with two
center-to-center distances: one for the ligand located at the entrance to the
binding site and another for the ligand at the catalytic center like the bound
OAS-analog in the crystal structure 1z7y (Bonner et al., 2005). The center of
OAS-TL was calculated for the dimer.DRwas assumed equal to the computed
value of D for OAS (0.05 A˚2/ps). For the first case, the computed distance is
30 A˚ and td is 18,000 ps. For the second case, the computed distance is
18 A˚ and td is 6,480 ps. This value was considered to be a lower bound for td.
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